Retinoic acids inhibit inducible nitric oxide synthase expression in mesangial cells  by Datta, Prasun K. & Lianos, Elias A.
Kidney International, Vol. 56 (1999), pp. 486–493
Retinoic acids inhibit inducible nitric oxide synthase
expression in mesangial cells
PRASUN K. DATTA and ELIAS A. LIANOS1
Division of Nephrology, Department of Medicine, Cardiovascular Research Center, Medical College of Wisconsin, Milwaukee,
Wisconsin, USA
in mesangial cells stimulated with LPS/IFN-g in presenceRetinoic acids inhibit inducible nitric oxide synthase expression
of ATRA or 13-cis-RA were also reduced indicating thatin mesangial cells.
TGF-b1 did not mediate the suppressive effect of retinoids onBackground. Nitric oxide (NO) release as a result of cyto-
iNOS.kine-mediated activation of inducible nitric oxide synthase
Conclusions. Our studies demonstrate that the retinoids(iNOS) in mesangial cells can be sustained and lead to oxidative
ATRA and 13-cis-RA attenuate iNOS expression and activityinjury in various forms of glomerular inflammation. Inhibition
in cytokine-stimulated murine mesangial cells. These retinoidsof iNOS expression and/or activity could therefore be an effec-
may emerge as naturally occurring compounds for treatmenttive anti-inflammatory strategy. The present study was under-
of inflammatory glomerular diseases.taken to explore whether retinoids, which are known to have
anti-inflammatory and immuno-modulatory actions, can atten-
uate cytokine-stimulated iNOS expression and enzyme activity
in murine mesangial cells. Nitric oxide (NO), generated from the guanidino ni-
Methods. Expression of iNOS was evaluated by NO produc- trogen of l-arginine by nitric oxide synthase, is a potenttion (nitrite analysis), protein (Western blot analysis) and
vasodilator [1] and relaxes the tone of the glomerularmRNA (RT-PCR analysis) levels in mesangial cells stimulated
microvasculature. However, when generated in a sus-by a combination of lipopolysaccharide (LPS) and interferon-g
(IFN-g) in the presence and absence of all-trans-retinoic acid tained high output manner due to activation of the induc-
(ATRA) or its active metabolite, 13-cis-retinoic acid (13-cis- ible form of nitric oxide synthase (iNOS), it causes cyto-
RA). Changes in iNOS enzyme activity were assessed by cal- toxicity [2]. In numerous forms of glomerular injury
culating conversion of l-[14C]arginine to l-[14C]citrulline. The
infiltrating macrophages and resident glomerular cellslevels of transcription factors nuclear factor-kB (NF-kB) and
(mesangial) produce potentially cytotoxic amounts ofactivated protein-1 (AP-1) in nuclear extracts prepared from
NO as a result of iNOS activation [3–8]. Negative regula-mesangial cells stimulated by a combination of LPS and IFN-g
in the presence and absence of ATRA was assessed by immu- tors of iNOS may therefore attenuate NO-mediated cy-
noblot analysis. The effect of both retinoids on transforming totoxicity.
growth factor-b1 (TGF-b1) levels was also assessed by a quanti- Retinoids are a group of natural and synthetic deriva-
tative enzyme immunoassay method.
tives of vitamin A that exert anti-inflammatory and im-Results. The combination of LPS/IFN-g stimulated NO pro-
munomodulatory actions [9–11]. Retinoids have beenduction, induced iNOS expression (mRNA and protein) and
increased iNOS enzyme activity. ATRA and 13-cis-RA dose- used in treatment of inflammatory disorders such as pso-
dependently attenuated NO production. This effect was most riasis [12], acne [13] and rheumatoid arthritis [14]. It is
pronounced at ATRA concentration of 10 mm. At this concen- unknown whether the anti-inflammatory effect of reti-
tration, ATRA attenuated iNOS expression (mRNA and pro- noids involves down-regulation of iNOS activity or ex-tein levels) and enzyme activity. ATRA also reduced nuclear
pression.levels of both subunits (p50 and p65) of NF-kB. TGF-b1 levels
In this work we assessed the effect of two retinoids,
All-trans-retinoic acid (ATRA) and its in vivo metabo-
lite, 13-cis-retinoic acid (13-cis-RA) [15], on cytokine1 Current address: UMDNJ Robert Wood Johnson Medical School,
Department of Medicine, Division of Nephrology, New Brunswick, stimulated iNOS-activation and expression in murine
NJ, USA. mesangial cells and on NO production by these cells.
ATRA is synthesized in vivo from its precursor retinal,Key words: iNOS, nitric oxide, glomerular inflammation, oxidative in-
jury, anti-inflammatory. which is derived from retinol (vitamin A).
Our observations indicate that both ATRA and itsReceived for publication November 25, 1998
metabolite 13-cis-RA are potent suppressors of iNOSand in revised form March 3, 1999
Accepted for publication March 14, 1999 expression and activity in cytokine-stimulated murine
mesangial cells. 1999 by the International Society of Nephrology
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METHODS retinoids modulate iNOS expression/activity and NO
production via an effect on TGF-b1 production, we as-Cell culture
sessed the changes in total TGF-b1 levels using a quanti-
SV40 transformed mouse mesangial cells (MES13) ob-
tative enzyme immunoassay method. This employed an
tained from ATCC (Rockville, MD, USA) were cultured
enzyme-linked polyclonal antibody specific for TGF-b1
in DMEM/Ham’s F-12 medium (Life Technologies,
(R & D Systems, Minneapolis, MN, USA). Total
Grand Island, NY, USA) supplemented with 5% heat- TGF-b1 levels (latent and active forms) were assessed
inactivated fetal bovine serum (FBS), 14 mm HEPES, in culture media 24 hours after stimulation of mesangial
penicillin (100 U/ml) and streptomycin (0.1 mg/ml). Cells cells with LPS 1 IFN-g in the presence and absence of
were grown at 378C under 5% CO2, 95% air. For experi- 10 mm ATRA or 13-cis-RA. To convert latent TGF-b1
ments, subcultured cells were seeded into six-well plates to active form, culture media (500 ml) were subjected to
or 100 mm dishes and grown to confluence. Cells were acidification using 1 N HCl followed by neutralization
rendered quiescent by exposure to 0.5% FBS containing with 1.2 N NaOH/0.5 m Hepes. All samples were assayed
media (3 ml) for 24 hours and then subjected to various in duplicate. The optical density in each well was read
treatments. in a microtiter plate reader (SLT-Labinstruments) at 450
nm with a correction at 540 nm. The detection range ofTreatments
a typical curve was from 20 to 2000 pg/ml.
MES13 cells (1 to 2 3 106 cells per well) were treated
with a combination of lipopolysaccharide (E. coli LPS Preparation of mesangial cell protein lysates
Serotype 0111:B4; Sigma, St. Louis, MO, USA) and mu- Mesangial cells grown in 100 mm dishes were washed
rine interferon-g (IFN-g; Genzyme, Cambridge, MA, twice with phosphate-buffered saline (PBS), scraped
USA) at 10 mg/ml and 10 ng/ml, respectively, for 24 from the dishes in PBS containing 1 mm ethylenedi-
hours. We have previously shown that this cytokine com- aminetetraacetate (EDTA) and transferred to microcen-
bination significantly enhances iNOS expression/activity trifuge tubes. Cells were freeze-thawed thrice and their
and NO production, and that NO production is inhibited lysates were centrifuged at 10,000 r.p.m. for five minutes.
by the NOS inhibitor l-NMMA [16]. Aliquots of lysates were stored frozen at 2708C. Lysate
To assess whether retinoic acid inhibits iNOS activa- protein concentrations were estimated by the Bio-Rad
tion-derived NO production, cells were stimulated with protein assay reagent (Bio-Rad Laboratories, Hercules,
the LPS 1 IFN-g mixture in the presence of all-trans- CA, USA).
retinoic acid (ATRA), an active metabolite of vitamin
A and 13-cis-retinoic acid (13-cis-RA), an active metabo- Inducible nitric oxide synthase enzyme activity
lite of ATRA, at concentrations of 0.1, 1.0 and 10 mm Activity of iNOS was measured in: (1) lysates prepared
for 24 hours. Both of the retinoic acids were obtained from mesangial cells that were stimulated with the LPS 1
from Sigma. IFN-g mixture in the absence or presence of 10 mm
ATRA or 13-cis-RA, and (2) lysates prepared from cells
Nitric oxide production assay stimulated with LPS 1 IFN-g in which ATRA (0.1 mm)
Levels of nitrite (the stable metabolite of NO) were or vehicle (DMSO) was added directly in the reaction
measured in culture media by the Griess reagent method mixture containing the lysate protein. The latter mea-
(Promega, Madison, WI, USA). Briefly, 50 ml of culture surement was performed to assess whether ATRA has
medium were reacted with an equal volume of 0.5% a direct effect on activity of iNOS present in the lysates.
sulfanilamide for five minutes and then with 50 ml of Inducible nitric oxide synthase activity was determined
0.05% N-(1-napthyl) ethylenediamine dihydrochloride by assessing conversion of l-[14C] arginine to l-[14C]ci-
in 2.5% H3PO4 for five minutes in 96-well plates at room trulline [21]. Reaction mixtures contained the following
temperature. The resulting azodye product was spectro- in a final volume of 50 ml: 50 mm Na1 Hepes buffer, pH
photometrically quantitated at 540 nm using a microplate 7.4, 100 mm EDTA, 50 mm BH4, 2.5 mm FAD, 2.5 mm
reader (SLT-Labinstruments, Austria). Nitrite levels FMN, 500 mm NADPH, 100 mm glutathione and 20 mm
were determined by comparison with standard curves l-[14C]arginine (Amersham, Arlington Heights, IL,
made from a solution of sodium nitrite. USA). Reactions were initiated by the addition of cell
lysates (50 mg) and allowed to proceed at 258C for six
Quantitation of total TGF-b1 levels in cell minutes. Reactions were then quenched by the addition
culture media of 200 ml stop buffer (100 mm Na1 Hepes buffer, pH
Studies in mesangial cells have demonstrated that 5.5, and 5 mm EGTA) and heating in a boiling water
TGF-b1 can inhibit iNOS activation-derived NO [17]. bath for one minute. Samples were then chilled, centri-
On the other hand, retinoids have been shown to regulate fuged and the supernatant was applied to a Dowex –50
column (1 ml resin, Na1 form). The product, l- [14C]ci-TGF-b expression [18–20]. To explore whether or not
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trulline, was eluted with 2 ml of water and quantitated (RT-PCR). Aliquots of total mesangial cell RNA (200
by liquid scintillation counting. Results were expressed ng) were used in an RT reaction in the presence of 2.5
as pmoles citrulline/min. mm of random hexamer primers, 1 mm each of dATP,
dCTP, dGTP, and dTTP, 1 U/ml of RNase inhibitor, 5
Preparation of nuclear extracts mm MgCl2, 1XPCR buffer (50 mm KCl, 10 mm Tris-HCl,
Extracts from MES13 cells grown in the presence of pH 8.3) and 2.5 U/ml of MuLV Reverse Transcriptase
a combination of LPS 1 IFN-g and LPS 1 IFN-g plus 10 in a total volume of 10 ml according to the manufacturer’s
mm ATRA for 24 hours were prepared using established instructions (Perkin Elmer, Foster City, CA, USA).
methods as described [22]. Briefly, harvested cells (3 3 After heating at 958C for five minutes, the entire reaction
107) were washed twice in ice-cold PBS and centrifuged. mixture was used for PCR amplification. Primers (1 mm)
The cell pellets were resuspended in 500 ml of cold lysis for iNOS and GAPDH (synthesized by Operon, Ala-
buffer (10 mm Hepes pH 7.9, 1.5 mm MgCl2, 10 mm KCl, meda, CA, USA) were used in a final volume of 50 ml
0.5 mm PMSF, 0.5 mm DTT) and incubated on ice for containing 1XPCR buffer and 0.05 U/ml of AmpliTaq
15 minutes. The lyzed cells were centrifuged at 13,000 3 g DNA polymerase (Perkin Elmer). The PCR cycling pro-
for one minute and the supernatant (cytosolic fraction) file was one minute at 958C, one minute at 558C, and
was obtained. The nuclear pellet was resuspended in 300
three minutes at 728C. Thirty cycles were carried out
ml of extraction buffer (20 mm Hepes pH 7.9, 420 mm
and followed by a final extension at 728C for 10 minutes.NaCl, 1.5 mm MgCl2, 0.2 mm EDTA, 25% glycerol, 0.5 Ten microliters of PCR products were then separatedmm PMSF, 0.5 mm DTT) and incubated with shaking
on a 2% agarose gel (Invitrogen, Carlsbad, CA, USA)at 48C for 30 minutes. The nuclear extract was then
and photographed.centrifuged for 15 minutes at 13,000 3 g and the superna-
The gels were directly scanned by an image analysistant was aliquoted and stored at – 708C. Protein concen-
system (FluorImager SI; Molecular Dynamics, Sun-tration of the nuclear extracts was determined by Bio-
nyvale, CA, USA) and the optical density of the PCRRad protein assay kit (Bio-Rad Laboratories).
products was determined by an image quantitation sys-
Western blot analyses tem (ImagQuant Software; Molecular Dynamics).
The iNOS and GAPDH primers (forward and reverse)Mesangial cells were scraped in ice-cold PBS, centri-
employed in PCR reactions yielded PCR products offuged at 1,000 3 g for five minutes at 48C and lyzed in
222 bp and 298 bp, respectively [7].SDS sample buffer (62.5 mm Tris-HCl pH 7.4, 2% SDS,
10% glycerol, 2.5% b-mercaptoethanol, and dye). Cell
Statistical analysislysates (100 mg protein) and nuclear extracts (50 mg)
were boiled for five minutes and SDS-PAGE was per- Results are expressed as mean 6 SEM. Statistical anal-
formed on 4 to 20% Tris-glycine gels (Bio-Rad Labora- ysis employed t-test statistics for unpaired observation.
tories) using the buffer system of Laemmli [23]. The
separated proteins were transferred electrophoretically
RESULTS(Bio-Rad Laboratories) to Hybond-ECL membranes
(Amersham) at 25 V at 48C using the protocol of Towbin, Retinoids reduce NO production in LPS 1 IFN–g
Staehelin and Gordon [24]. Membranes were blocked stimulated mesangial cells
for one hour in TBS-T (10 mm Tris-HCl pH 7.5, 150 mm Nitric oxide levels (measured as nitrite levels in media)
NaCl containing 0.05% Tween 20) and 5% nonfat milk. were undetectable in control and ATRA (10 mm) alone
Membranes were then incubated with a rabbit polyclonal treated cells (Fig. 1A). In LPS 1 IFN-g stimulated cells,
antibody against mouse iNOS or rabbit polyclonal anti- NO production was 56 6 2.8 mm nitrite. Stimulation with
body against human NF-kB p65 or goat polyclonal anti- LPS 1 IFN-g in the presence of ATRA (0.1, 1.0 and 10.0
body against human NF-kB p50 (Santa Cruz Biotechnol-
mm) resulted in a concentration-dependent inhibition ofogy, Santa Cruz, CA, USA) at 1:1000 dilution in TBS-T
NO production (values were 52 6 2.8, 48.5 6 2.12 andfor two hours. Membranes were then washed thoroughly
33 6 1.41 mm, respectively; Fig. 1A).in TBS-T and incubated with antirabbit HRP conjugated
Nitric oxide levels (measured as nitrite levels in media)antibody or antigoat HRP conjugated antibody (1:7500
were also undetectable in control and 13-cis-RA (10 mm)dilution) for two hours, followed by washing in TBS-T.
alone treated cells (Fig. 1B). In LPS 1 IFN-g stimulatedDetection of signal employed an enhanced chemilumi-
cells NO production was 36 6 1.15 mm nitrite. Stimula-nescence detection kit (Amersham).
tion with LPS 1 IFN-g in the presence of 13-cis-RA
Assessment of changes in iNOS mRNA levels by (0.1, 1.0 and 10.0 mm) again resulted in a concentration-
semiquantitative RT-PCR dependent inhibition of NO production (values were
31.8 6 1.6, 29 6 1.15 and 18.5 6 3.75 mm, respectively;Levels of mRNA for iNOS were detected and quanti-
tated by reverse transcription-polymerase chain reaction Fig. 1B).
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Fig. 2. Inducible nitric oxide synthase (iNOS) enzyme activity is attenu-
ated in lysates prepared from mesangial cells stimulated with lipopoly-
saccharide (LPS) 1 interferon-g (IFN-g) in the presence of all-trans-
retinoic acid (ATRA). iNOS enzyme activity was measured by conver-
sion of l-[14C]arginine to l-[14C]citrulline assay in cell lysates prepared
from unstimulated mesangial cells (control), and cells stimulated with
LPS 1 IFN-g in the absence or presence of 10 mm ATRA for 24 hours.
Results are means 1 sem, N 5 3. *P , 0.001 compared to control; **P
, 0.005 compared to LPS 1 IFN-g stimulated cells.
Fig. 1. All-trans-retinoic acid (ATRA) and 13-cis-retinoic acid (13-cis-
RA) attenuate nitric oxide (NO) production following inducible nitric
oxide synthase (iNOS) activation by lipopolysaccharide (LPS) 1 ues (pmoles citrulline/min) were 1.48 6 0.2 in the ab-
interferon-g (IFN-g) in murine mesangial cells. (A) Concentrations of sence of 13-cis-RA, and 0.58 6 0.1 in the presence of 10
nitrite (mm) measured by the Griess reaction in mesangial cell (2 3 106
mm 13-cis-RA (P , 0.005).cells per well) culture media after 24 hours of stimulation with LPS 1
IFN-g in the absence or presence of ATRA (0.1, 1.0 and 10 mm). For To assess whether ATRA has a direct inhibitory effect
controls, the cells were incubated with DMEM only. In 10 mm ATRA on iNOS enzyme activity in cell lysates prepared fromthe cells were incubated with DMEM containing 10 mm ATRA. Results
LPS 1 IFN-g stimulated cells, ATRA was introducedare means 6 sem, N 5 3. *P , 0.05 compared to LPS 1 IFN-g.
(B) Concentrations of nitrite (mm) measured by the Griess reaction in directly in the reaction mixture containing lysate protein
mesangial cell (1 3 106 cells per well) culture media after 24 hours of to a final concentration of 0.1 mm for the duration of thestimulation with LPS 1 IFN-g in absence or presence of 13-cis-RA
assay (6 min). No significant difference in iNOS enzyme(0.1, 1.0 and 10 mm). Control cells were incubated with DMEM only,
while the 10 mm 13-cis-RA cells were incubated with DMEM containing activity was observed in assay reaction mixtures con-
10 mm 13-cis-RA. Results are means 6 sem, N 5 3. *P , 0.05 compared taining ATRA in comparison to the control reactionto LPS 1 IFN-g.
mixtures (lysates plus ATRA vehicle). Values (pmoles
citrulline/min) were 1.28 6 0.3 in the presence of 0.1 mm
ATRA, and 1.3 6 0.1 in the absence of ATRA.
ATRA attenuates iNOS enzyme activity
ATRA and 13-cis-RA inhibit TGF-b1 synthesisTo corroborate the reduction in NO production ob-
Retinoids have been shown to regulate the expressionserved in cells stimulated in the presence of ATRA, we
of a number of genes, including that of TGF-b [17–19].assessed iNOS enzyme activity in cell lysates prepared
Furthermore, studies in mesangial cells [17] have demon-from cells stimulated with LPS 1 IFN-g plus 10 mm
strated that TGF-b can inhibit iNOS activation-derivedATRA for 24 hours. iNOS enzyme activity was measured
NO production. To investigate whether the observedby calculating conversion of l-[14C]arginine to l-[14C]
inhibitory effect of ATRA and 13-cis-RA on iNOS-citrulline as described in the Methods section. iNOS ac-
derived NO production was associated with a change intivity was significantly reduced in cells stimulated with
TGF-b1 production, we assessed TGF-b1 levels in mediaLPS 1 IFN-g in presence of 10 mm ATRA (Fig. 2). iNOS
of cells stimulated with the LPS 1 IFN-g mixture in theactivity was also significantly reduced in cells stimulated
with LPS 1 IFN-g in presence of 10 mm 13-cis-RA. Val- presence and absence of ATRA or 13-cis-RA. There
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Fig. 3. ATRA and 13-cis-RA inhibit iNOS
protein synthesis in mesangial cells. (A) West-
ern blot analysis of iNOS in protein lysates
prepared from mesangial cells after 24 hours
of stimulation with LPS 1 IFN-g in the ab-
sence or presence of ATRA (0.1, 1.0 and 10
mm). Lane 1, control (no additives); lane 2, 10
mm ATRA; lane 3, LPS 1 IFN-g alone; lanes
4–6, LPS 1 IFN-g in the presence of 0.1, 1.0
and 10 mm ATRA, respectively. Western blot
analysis is representative of two separate ex-
periments. (B) Western blot analysis of iNOS
in protein lysates prepared from mesangial
cells after 24 hours of stimulation with LPS 1
IFN-g in the absence or presence of 13-cis-
RA (0.1, 1.0 and 10 mm). Lane 1, control (no
additives); lane 2, 10 mm 13-cis-RA; lane 3,
LPS 1 IFN-g alone; lanes 4–6, LPS 1 IFN-g
in the presence of 0.1, 1.0 and 10 mm 13-cis-
RA, respectively. Western blot analysis is rep-
resentative of two separate experiments.
was no significant change in TGF-b1 levels in response with experiments employing 13-cis-RA (data not
to LPS 1 IFN-g stimulation. Values (pg/ml, mean of shown).
two observations) were 353.5 6 20.9 in unstimulated
Effects of ATRA on AP-1 (c-fos) levels and nuclearcells compared to 342.5 6 4.59 in LPS 1 IFN-g stimu-
translocation of NF-kB subunitslated cells. In cells stimulated with LPS 1 IFN-g in the
presence of 10 mm ATRA, TGF-b1 production was sig- To explore mechanisms underlying the inhibitory ac-
nificantly reduced. Values were 276.5 6 10.5 in the cyto- tion of ATRA on iNOS transcription, the levels of tran-
kine-stimulated ATRA treated cells compared to 353 6 scription factors NF-kB and AP-1 were assessed by im-
20.9 in unstimulated cells (P , 0.004). Similar observa- munoblotting analysis of nuclear extracts. The rationale
tions were obtained with experiments employing 13-cis- for assessing nuclear extracts for levels of these factors
RA (data not shown). rather than whole cell extracts is because LPS induction
of iNOS gene involves translocation of NF-kB from the
ATRA and 13-cis-RA inhibit iNOS expression cytosol to the nucleus [22]. We have observed no differ-
To explore mechanisms underlying the inhibitory ac- ence in the levels of c-fos (AP-1) in nuclear extracts
tions of ATRA and 13-cis-RA on LPS 1 IFN-g induced prepared from cells stimulated with LPS 1 IFN-g in the
NO production, immunoblot analysis of iNOS protein absence or presence of 10 mm ATRA (data not shown).
levels and RT-PCR analysis of iNOS mRNA levels were However, in nuclear extracts prepared from cells stimu-
performed. lated with LPS 1 IFN-g in the presence of 10 mm ATRA
Western blot analysis of protein lysates from LPS 1 the levels of both subunits of NF-kB, p50 and p65, were
IFN-g stimulated cells demonstrated a single band of reduced compared to extracts prepared from cells stimu-
130 kDa (iNOS) (Fig. 3). iNOS protein was undetectable lated with LPS 1 IFN-g in the absence of ATRA (Fig.
in control cells or cells exposed to ATRA or 13-cis-RA 5; compare lane 2 with lane 1).
alone. A decrease in iNOS protein levels was observed
in protein lysates from cells stimulated with LPS 1 IFN-g
DISCUSSIONin the presence of 10 mm of ATRA or 13-cis-RA (Fig. 3).
Numerous studies have demonstrated that mesangialRT-PCR analysis of total RNA isolated from control
cells are not only a target for NO-mediated cytotoxicity,cells revealed undetectable levels of iNOS mRNA. In
but are also an important source of iNOS stimulation-total RNA isolated from cells stimulated with LPS 1
derived NO [16, 25, 26]. In recent years, retinoids (natu-IFN-g there was a significant increase in iNOS mRNA.
ral and synthetic derivatives of vitamin A) have receivedIn total RNA isolated from cells stimulated with LPS 1
attention due to their anti-inflammatory and immuno-IFN-g in the presence of 10 mm ATRA there was a 40%
modulatory effects [9–11]. This study represents the firstreduction (densitometric analysis) in iNOS mRNA levels
work, to our knowledge, showing that in mesangial cells(Fig. 4, compare lane 2 with lane 3). ATRA had no effect
retinoids attenuate NO production in response to cyto-on the expression of the housekeeping gene GAPDH
(Fig. 4, lanes 4–6). Similar observations were obtained kine stimulation, and that this effect is linked to a reduc-
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Fig. 4. ATRA inhibits iNOS mRNA expres-
sion in mesangial cells. iNOS and GAPDH
mRNA expression were assessed by RT-PCR
of total RNA prepared from control cells,
LPS 1 IFN-g stimulated cells and LPS 1
IFN-g stimulated cells in the presence of 10 mm
ATRA. Lanes 1 and 4, control (no additives);
lanes 2 and 5, LPS 1 IFN-g alone; lanes 3 and
6, LPS 1 IFN-g in the presence of 10 mm
ATRA. RT-PCR analysis is representative of
two separate experiments.
mers of RAR and RXR and homodimers of RXR bind
to retinoid receptor response elements present in pro-
moters of retinoid target genes to regulate their expres-
sion [28, 29]. RARs can also directly bind the transcrip-
tion factor AP-1 and antagonize AP-1 dependent tran-
scription [30, 31]. Retinoids can also regulate gene ex-
pression by post-transcriptional mechanism [18].
Investigations on tissue distribution of retinoic acid
receptor mRNAs have demonstrated that RAR-a and
RXR-b mRNA are expressed in almost all tissues, while
RAR-b, RAR-g, RXR-a and RXR-g mRNA are ex-
pressed in a selective manner [28, 32]. The retinoic acid
receptor type that is expressed in mesangial cells is yet
to be determined.
Our findings indicate that the retinoic acids ATRA
Fig. 5. ATRA reduces nuclear levels of NF-kB subunits. Levels of both and 13-cis-RA down-regulate the L-arginine:NO path-
subunits of NF-kB p50 (A) and p65 (B) were assessed by immunoblot
way by inhibition of iNOS expression. Studies on theanalysis of nuclear extracts prepared from LPS 1 IFN-g stimulated
cells and LPS 1 IFN-g stimulated cells in the presence of 10 mm ATRA. iNOS promoter region have elucidated the importance
Lane 1, LPS 1 IFN-g alone; lane 2, LPS 1 IFN-g in the presence of of NF-kB and AP-1 binding sites in regulating iNOS
10 mm ATRA. Western blot analysis is representative of two separate
transcription [33]. LPS inducibility of the murine iNOSexperiments.
gene involves NF-kB [34]. Inhibition of NF-kB binding
in cells stimulated with LPS 1 IFN-g in the presence
of ATRA could thus be a mechanism underlying the
tion of iNOS expression and enzyme activity. However, observed reduction in iNOS transcription by ATRA
a similar effect of retinoids on NO production was shown (Fig. 4). To this end, our observations on changes of
in rat aortic smooth muscle cells [27]. nuclear levels of NF-kB in ATRA treated cells demon-
The effects of retinoids on gene expression are medi- strate that both subunits p50 and p65 are reduced (Fig.
ated by several mechanisms. Retinoids can bind to two 5). An additional mechanism may involve inhibition of
distinct nuclear receptors, the retinoic acid receptors NF-kB/DNA binding activity in the presence of ATRA.
(RARs), a, b and g, and the retinoid 3 receptors (RXR), In this regard, it has been demonstrated that ATRA
inhibits NF-kB binding to NF-kB binding sites presenta, b and g [28], to form transcription factors. Heterodi-
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for oral and synthetic retinoids: Experimental findings and clinical
[18–20] and this cytokine inhibits mesangial cell iNOS experience. Br J Dermatol S25:55–60, 1983
expression [17]. Thus, the observed attenuation of cyto- 10. Brinckerhoff CE, Coffey JW, Sullivan AC: Inflammation and
collagenase production in rats with adjuvant arthritis reduced withkine-stimulated iNOS expression by retinoids could be
13-cis-retinoic acid. Science 221:756–758, 1983mediated via an effect of retinoids on TGF-b1 produc- 11. Fumarulo R, Conese M, Riccardi S, Giordano D, Montemurro
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